Abstract-This paper describes the operation of a direct-drive brushless generator for a Bristol Cylinder ocean wave device. This is a very low-speed device; thus, the pole number and diameter are very large. Although the machine may be large, its pole pitch and axial length is low. The application is described and simulated using analytical and finite-element analysis techniques. A 248-pole design with surface rotor magnets is developed with both surface and slotted windings. An analysis of the control is put forward.
I. INTRODUCTION

R
ECENTLY, a number of small companies have tried to develop and commercialize a range of varying wave energy devices, and promote the devices as a nonpolluting source of energy. The research in this field is now receiving increasing amounts of funding from various governments and related organizations.
The functions of a sea wave energy device are to harness the energy of sea waves and convert the energy into useful forms of energy for domestic or industrial use. It is therefore known as a wave energy converter. There are several significant reviews of wave energy devices that describe and discuss the various forms of devices developed that attempt to harness sea wave energy. Basically, wave devices can be categorized into several types of devices; these categories are as follows: 1) the oscillating water column (OWC); 2) the point absorber; 3) the flap or surge device; 4) the attenuator or contouring device; 5) overtopping devices; 6) other types that are unique and do not fall into any of the given categories. The OWC has a semi-submerged structure forming an air chamber with a top outlet while reciprocating airflow flows through it; this drives the bidirectional turbine. As the incidents wave surface rise inside the chamber, the air will be compressed and go through the top outlet. Some examples of OWCs and component bidirectional turbines are the Limpet and the Breakwater Turbine developed by Wavegen [1] , [2] , the Denniss-Auld Turbine [3] , the Ocean Energy Buoy [4] , and the SeWave OWC [5] . Point absorbers refer to a buoy and floats at or near to the wave surface. Wave energy from all directions can be absorbed by the vertical movement of the buoy as the waves pass. Examples of point-absorber wave devices are the PowerBuoy [6] , the CETO [7] , and the Linear Generator [8] . Surge wave devices harness energy from the horizontal movement of the water particles in waves. They are normally situated in shallower water and close to shore, and the circular movement of the water becomes elongated into horizontal ellipses. Examples for this form of device are the Oyster [9] and the WaveRoller [10] . Attenuator/contouring devices are elongated floating devices that are parallel to the wave direction. When an incident wave propagates along the device, movement within the device is generated, which produces energy. Examples are the Pelamis [11] , the Wave Star [12] , and the Anaconda [13] . Overtopping devices rely on using a funnel or barrage arrangement on the device to elevate part of the incident waves above the mean sea level to fill a raised reservoir. The seawater returns to the sea via a low-head turbine. Examples of this device are the Wave Dragon [14] and the Multiple Stage Overtopping Device [15] . Some of the wave energy devices need gears and hydraulic systems to generate electricity, whereas some are direct-drive wave energy devices [16] . The wave devices each have their own advantages and disadvantages when compared with the others. This paper will address the control of a Bristol Cylinder device. In the succeeding section, the application conditions are discussed, and the Bristol Cylinder is described in more detail. This is followed by a design outline for the generators; then, the control will be addressed. This paper gives an original work in terms of a very low speed generator design and its application to a Bristol Cylinder. Sizing is detailed, and realistic current and slot fill factors are maintained. It would be helpful when addressing the design of these machines. In addition, a rapid torque change is required, and this is addressed in the second half of this paper. In this system, the rotational speed of the generator is locked into the wave period. This can lead to pulsating torque since the system inertia cannot be used for energy storage by variation of the speed to any great extent. This is illustrated where the torque from the waves pulsates.
II. BRISTOL CYLINDER OPERATION
The Bristol Cylinder wave device that is studied here does not come under any of the categories discussed earlier. It is a semi-submerged device that is marginally buoyant that rotates synchronously with the incident wave, given an appropriate speed control. The wave power absorption characteristic of a submerged cylinder was studied in [17] and [18] ; Fig. 1 shows a basic arrangement. A monochromatic sinusoidal wave model is used. The rotational behavior of the cylinder depends on the incident waves. The efficiency of the energy conversion process performed by the cylinder only reaches a good performance when the cylinder and incident waves are synchronized and when there is good wave height. The rotational cycle period has to be near the period of the incoming waves. It is more desirable to control the Bristol Cylinder to react to the incident wave rather than choosing the device to function only at a specific wave frequency and wave height because it will reduce considerably (possibly to zero if unsynchronized) the total amount of the energy produced during a period of time characterized by a variable wave motion. The radius of cylinder rotation will vary with wave height, and this issue is solved with a flexible dual-armed Bristol Cylinder that is able to change its rotational radius. This is illustrated in Fig. 1(a) and (b) . The front view illustrates the voids where generators are to be located. The focus of this paper is the design of the generators for this application. Fig. 1(a) shows a mechanical armature system, although in [19] , an artist's impression shows the cylinder anchored using four hydraulic or pneumatic variably linear actuators. This is not an unrealistic option: the Pelamis [11] used hydraulic actuators to give resistive hinging between its sections. It has to be stated that, to obtain a rotational orbit, this is a deeper sea device where the water elements are moving in circular orbits. Fig. 1(c) illustrates a cylinder moving in water that has a standing wave component, as may be found in shallower water where waves are being reflected from a beach. It can be seen that the cylinder rotated in a more elliptical motion. In terms of the required wave conditions, an assessment of the projected location (or locations) needs to be used. In Fig. 2 , an occurrence spectrum is shown for the North Atlantic. This seems to indicate that the target design should be at about 10 s in period and a wave height of 3 m. However, the higher period waves should not be ignored; therefore, possibly, the generator should be generating up to about 17.5 s. This means the rotation of the cylinder will decrease as the power in the waves increases. Therefore, a compromise design is very much required for this application.
The wave power density P d refers to the energy per wave period, and it can be calculated by dividing the energy density by the wave period, as shown in [19] , so that
where E d is the energy per wave period, σ is the sea water density of 1025 kg/m 3 , g is gravity, a is the wave amplitude in meters, and H is the wave height in meters. Generally, highamplitude waves are more powerful. The wave energy can be determined by wave height, wave speed, wavelength, and water density. Using the standard equation for deep water conditions, the mean power per meter of wave front P is [20] 
where ω is the wave frequency. These can be used to assess the power in the waves. For the target waves of 10 s and 3 m, there is 88.3 kW/m. It is assumed that a device with an excess of 2 MW is required and that the conversion rate is 50% of the available power. This is not an unreasonable expectation. Wind turbines have a theoretical maximum conversion rate of 59% based on the Betz constant and, in practice, can have conversion rates above 40% when tuned. If the cylinder is 50 m long, then this is 4.4 MW of wave energy. With a 50% conversion rate, then the rating of the electrical generation system becomes 2.2 MW. This is a total torque value of 3581 or 1790.5 kN · m per generator. This is at a speed of 0.1 Hz, which is a very low speed. This would mean that a very high pole number is needed, and this suggests that a surface magnet machine is needed. An internal magnet rotor has q-axis saliency, but this would be hard to capitalize on in a machine with a short pole pitch. This is worth discussing the connection of the generator. In Fig. 3 , two connections are shown. If the diode bridge is used, then the machine should have low armature reaction. This is because the diode bridge acts in a similar manner to resistance connection. There are two options for the stator of a radial flux machine as used here: slotted windings and airgap windings. The disadvantage with air-gap windings is that there is limited space available for the coil sides. The basic cylinder parameters are given in Table I . A torque characteristic with respect to the frequency is required, and this is illustrated in Fig. 4 . This illustrates that this machine has a very narrow constant torque region before going into an extended reduced torque region. This looks similar to a field-weakening region, although the power in not constant. This is a demanding profile. 
III. GENERATOR DESIGN
The first issue to be decided is the pole number. At the target speed, the electrical frequency can be set to 12.5 Hz as a lowfrequency choice. The generator will start to generate with 2 s waves, which corresponds to 62.5 Hz. At The generator speed is 0.1 Hz. Therefore,
The reason for reducing the pole number slightly is to make the pole number divisible by 8, adjusting the frequency to 12.4 Hz. Obviously, more poles would be advantageous to raise the frequency and obtain a better rate of change of flux linkage. However, there is also the dichotomy of considerations for the torque constant and considerations for the back EMF constant. While these are essentially the same thing, as can be easily proven, the torque constant needs to be maximized to limit the size. In the meantime, the voltage constant may be too high because of the required speed range, as illustrated in Fig. 4 .
This pole number allows a fractional slot winding with eight poles and nine slots or coil-side bundles in a similar manner to [21] . This gives the number of coil sides for 248 poles are 279. For a slotted machine, this will be important to reduce cogging and torque ripple.
1) Air-Gap Wound Machine Sizing: Air-gap windings should be radially narrow to enable reasonable linkage with the magnet flux. It was decided to make the magnets 30 mm thick and limit the winding layer thickness L w to 20 mm with a 1-mm air gap. If we allow a fill factor S fill of 0.4 and an RMS current density J in the conductor of 5 A/m 2 , then the surface current density J is
Assuming that the air-gap flux density from the magnets is half the remanent flux density, the sheer stress can be then calculated for the air-gap wound machine, as shown in [24] as follows:
which is half of the torque per rotor volume (TRV) [22] . This gives the approximate mean value. A TRV of 37.8 (kN/m 3 is high. Typical TRVs are given in [22] , and this form of machine has TRVs up to about 30 kN/m 3 . The torque per rotor volume is obviously related to the torque, i.e.,
where R is the rotor radius, and L is the axial length. This assumes that the axial length is about double the pole pitch so that L = 4πR/P . Therefore,
and L = 0.338 m. These are very crude sizing exercises.
2) Slotted Stator Sizing:
We can carry out a similar sizing exercise for the slotted machine, but (5) can be modified. This time, there is more area for the winding. There are two options here. An increased area can be used with a lower current density. In [23] , it was shown that, when the operating frequency is low, the current density in the windings should be low to maintain good efficiency. Alternatively, the machine size can be reduced by increasing the loading since the slot area will be much larger than the equivalent area in an air-gap wound machine.
A good general approximation is to assume that the tooth and slot pitch are equal. The slot depth is very variable. In a low-pole-number machine, the slot depth may be very high. However, this does produce a long path for the flux to flow around, and there is added slot leakage. As a rough sizing value, let us assume that the slot depth for this fractional slot winding is about half a pole pitch. This is somewhat arbitrary, but inspection of many machine designs suggests this is not unreasonable. The means that the slots are then approximately square for this slot number since there is approximately one slot per pole. We can then modify (5) so that
This maintains a slot fill of 0.4. Obviously, this is now a function of the rotor radius. The sheer stress will likewise be a function of the rotor radius. This time, we will assume the airgap flux density is higher and a crude approximation that it is 0.75 of B r so that
and L = 0.253 m. The sheer stress is 44.9 kN/m 3 , which is much higher since the slot depth is 63.3 mm with a slot width of 56.3 mm. This is significantly smaller than the air-gap wound machine, although it will exhibit cogging torque. If we maintained the same rotor diameter, then the current density in the winding can be calculated by taking ratios of the winding areas. For the air-gap winding, the area is 150 mm × 20 mm = 300 mm 2 ; for the slotted winding, the slot depth is 84.5 mm, and the slot pitch is 75 mm so that the area is 6562 mm 2 . This gives an equivalent current density of 5 × 3000 × 6562.5 = 2.28 A/mm 2 if the current is maintained, although this is likely to produce higher torque.
The machine will have to exhibit certain characteristics. If the synchronous reactance is too high, then there may be issues with insufficient short-circuit current in a similar manner to a synchronous machine [24] . Alternative designs to this straightforward design may be to use a permanent-magnet induction generator [25] . This may improve dynamic performance. It is also possible to consider the cage more as a damper cage (again, in a similar manner to the synchronous machine) [26] , although the literature on these alternatives is still sparse.
The next stage is to test this using a motor design package. It is necessary to define the winding and carry out simulations using finite-element analysis (FEA) to adjust the basic geometrical sizes. In this case, the SPEED software now from CD Adapco Ltd., is used, and this is assessed in the following.
IV. SPEED SIMULATION
The machine was simulated using SPEED PC-BDC and PC-FEA. This is an analytical calculation tool with an FEA bolt-on package. FEA is necessary because the field solution for a large air-gap (due to the winding layer for the slotless design).
A. Air-Gap Winding Machine
The air-gap diameter was set to 13.34 m, and the axial stack length is 338 mm. The winding layout for eight poles is shown in Fig. 5 , and this has to coil sides of 10-mm thickness with a slot fill of 0.4. This is quite high so careful fabrication, possibly with rectangular conductors, could be used. There are four turns per coil, but there may be many parallel conductors to avoid additional eddy current loss in the wire. The magnet thickness was set to 30 mm, and the winding thickness is set to 20 mm with a 1-mm air gap. The magnet material was set to NeIGT 30 H with a permanent flux density B r of 1.12 at 25
• C, and they had a pole pitch of 170
• elec. PC-BDC was used to obtain a torque value of 1.87 MN · m and 94% efficiency. However, the FEA simulation produced a torque value that was lower than 1.32 MN · m. Surface windings require an FEA for accurate simulation.
This torque was confirmed using both current-flux-linkage loops (I-Psi loop, see [24] ) and Maxwell stress integrals. A flux plot under loading is shown in Fig. 6 . The I-Psi loop used 45 steps as the rotor was moved through two pole pitches, and at each point, the Maxwell stress was calculated; this showed a very low torque ripple. The magnets are rare-earth magnets, and the thickness is such that demagnetization was not a problem, as illustrated in Fig. 6 .
With this new axial length, the simulations were run over the cylinder frequencies given in Fig. 4 . The torque values per generator, the total output power from both generators, and efficiency are shown in Fig. 7 . This shows good efficiency despite the low frequency of the back EMF. The I-Psi loop at 6 r/min and full load is shown in Fig. 8 . This is the same for all the phases.
To obtain the correct torque, the axial length can be then increased. Therefore,
This is a very large machine with 4015 kg of magnets. This is a major consideration when costing the machine manufacture. The bulk magnet material is about $40 per kg (20/12/2011 price in news item on http://www.asianmetal.com), which could double with processing. This gives a price of $160 000 to $320 000 just for magnet material. The slotted machine is smaller and used less material.
The advantage with this machine is that there is no cogging torque (or drag torque), and the power factor is very high (near unity). The load torque is shown in Fig. 9 . This is at 6 r/min and full load. It was obtained from the FEA using two Maxwell stress integrals in the air gap to get the instantaneous Fig. 9 . Torque from FEA at 6 r/min and full load for air-gap winding machine using the Maxwell stress method, for a slotted machine with the same rotor radius and axial length as a slotless machine, and for a slotted machine with reduced rotor radius and axial length. torque for each of the 45 steps in the I-Psi loop. The disadvantage is that there is limited winding area leading to higher copper losses than an equivalent slotted machine. It also uses a lot of magnet material. For comparison, two comparable slotted designs are investigated, which are sized and discussed earlier.
B. Slotted Machine With Same Rotor Radius and Axial Length
A slotted machine with similar rotor dimensions to the slotless machine is investigated in this section. The winding was similar, although the conductor cross section of the conductors is much higher due to the increased winding window. A flux plot is shown in Fig. 10 . The magnet flux density was 1-0.85 T, which illustrates again that the demagnetization of the magnets was well above that necessary to demagnetize them permanently. It should be stated that one disadvantage of this arrangement is that there will be significant flux ripple across the surface of the magnets, producing eddy current loss (which is not calculated in the FEA). The I-Psi loop for the machine at 6 r/min is shown in Fig. 8 . This illustrates that there is much better linkage of the magnets with the windings and that only half the current is required for the rated generating torque of the generator. This produces much higher efficiency. At 6 r/min and rated power, the efficiency is 97.8% compared with just under 96% for the slottless design. This may not seem very large, but in absolute terms of loss, this is represents 26.8 kW of loss compared with 81.3 kW of loss in the slotless design. The torque is shown in Fig. 9 , and this illustrates an increase in the torque ripple, which may affect the performance. Smooth torque is advantageous in this application.
C. Slotted Machine-Reduced Size
The slotted machine is reduced in size, as discussed in the sizing section (rotor radius of 5 m and axial length of 0.253 m). The slotless machine had to be increased in axial length compared with the calculation, but here, the dimensions are found to be sufficient such that they do not need adjustment. The current density in the slot is still only 3.8 A/mm 2 . The torque characteristic at 6 r/min and full load is shown in Fig. 9 , and again, this shows torque ripple. The efficiency at this point is 95.6%, which is slightly higher than that of the slotless machine.
D. Inductance Comparisons
The three machines have phase inductances that can be compared (see Table II ). These were obtained from the FEA. It can be seen that the slotless machine has the highest inductance. The reduced size machine has the lowest inductance; it has both lower diameter and axial length.
Further operation was described in [27] and [28] . In this paper, a sizing exercise is described, and the dimensions are quoted in Table I ; this is for completeness. Both air-gap wound and slotted stator types of machines are investigated. Both use surface magnets and have 248 poles. Fractional winding arrangements are used in both machines to give good sinusoidal back EMF since ac control is being used.
The results in Table III illustrate that the slotted machine is more compact, although it has some torque ripple. This is a generator; therefore, it is important to have low armature reactance. While it may be assumed that the air-gap winding has lower inductance, it is actually the converse, and it has higher armature reactance than the slotted machine. For the air-gap wound machine, the predicted performance is given in Fig. 6 . This shows good efficiency despite the low frequency of the back EMF.
E. Additional Losses
Additional nonmechanical losses will occur in the machine. These will be eddy current loss in the magnets and steel and also in the windings. The magnet loss was calculated in [27] for solid magnets, although in reality, this is easily reduced using several magnets to form a pole, and this would also help in fabrication. The winding eddy currents can be also reduced using the Litz wire [37] .
F. Thermal Performance
The initial design choices for this machine limited the current density to 5 A/mm 2 or under. This is simply to allow for straightforward thermal design with air cooling and natural conduction and convection. The cylinder itself is an effective heat sink since it is in the sea. The copper loss at rated torque is 81 kW in the air-gap wound machine and 11.2 (full size) and 50.6 kW (reduced size) in the slotted machine. These may seem high, but these are large machines; using the air-gap wound for example, the rotor is 13.3 m in diameter and 0.438 m in diameter, and 81 kW is less than 10% of the machine power. There is therefore a large volume to dissipate the loss. The iron losses are negligible, and magnet loss can be reduced significantly by using several smaller magnets per pole. If losses are still an issue, then a full thermal design can be carried out using several different packages. One such package is Motor-CAD from Motor Design Ltd., U.K., and this is illustrated in [38] .
V. GENERATOR CONTROL
In [21] , a summary of the design and the possible control in a small-scale prototype of the Bristol Cylinder was put forward. However, here, more detailed model is put forward and control of a full sized device simulated. The following will build on the control strategy from [21] .
A. Control
The energy extracted does not depend solely on the wave characteristics at the site but also on the control strategy used for the turbine. Generally, the motion or speed control of a permanent-magnet synchronous generator (PMSG) poses many similarities with that used for motoring applications. This utilizes nested speed-torque loops, using different torque control algorithms depending on the power electronics converter used [29] . The speed control of the PMSG can be done by using the vector control method [30] . Vector control means the process of decoupling the flux linkage and torque control yielding rapid response and high-energy conversion rates. For highperformance speed control, there are two main control methods classified under vector control which are the field-oriented control (FOC) and direct torque control (DTC) [31] , which can be applied. These have undergone considerable research [32] ; both methods have been found to have their own advantages and drawbacks. DTC results in a nonconstant inverter switching frequency, which may results in high inverter or generator loses. More recent control strategies have been developed, which can take into account the usage of batteries [33] , one cycle control [34] , and the multilevel control [35] . However, these are not yet fully developed.
Here, the FOC method is used for the vector control of the generator. This can be implemented in two ways using indirect and direct methods. These depend on the way the rotor flux is identified. The direct FOC determines the orientation of the air gap flux using a Hall effect sensor, a search coil, or other measurement sensors. This increases the cost, and special modifications of the generator are required to place the flux sensor. At low speed, this may cause inaccuracies when calculating the rotor flux from a directly sensed signal due to the stator resistance voltage drop and other reasons, Therefore, the indirect FOC method is chosen for the control of the Bristol Cylinder speed. The calculations of the flux positions for the indirect FOC method are based on estimations of the terminal quantities such as the voltages and currents in a generator model. It does not have the low-speed problems and is the preferred method for this application. In a PMSG, the rotor flux linkage is fixed to the rotor position. The objective of the FOC is to maintain the amplitude of the rotor flux linkage, at a fixed value, and modify only the torque producing the current component. Electromagnetic torque can be expressed as a complex product of the flux and current space phasors. In order to decouple the torque and flux, the stator current is transformed into a rotating reference frame, which is the flux-producing component (d-axis current) that represents the direction of rotor flux phasor and the torqueproducing component (q-axis current) that is perpendicular to the rotor flux. The FOC is implemented by controlling the flux and torque of the PMSG separately using the current control loop with proportional-integral (PI) controllers. This is done by transforming the stator current vector into the d-q components, which control the flux and torque, respectively. The objectives are to control the PMSG torque and flux to force the generator to accurately track the command trajectory, regardless of the machine and load parameters variation or any external disturbances. This will regulate the speed of the PMSG; therefore, it actually synchronizes its speed to the speed of the incoming waves. Constant torque angle (CTA) control and maximum torque per ampere (MTPA) control [36] strategies are applied to obtain the stator d-q current components. The flux positions in the coordinates can be determined by the shaft position sensor because the magnetic flux generated from the PMSG is fixed relative to the rotor shaft position. CTA control keeps the torque angle constant at 90
• . This is done by keeping the stator d-axis current I sd at 0, and the d-axis flux linkage ω d will be fixed. This leaves the current vector on the stator q-axis only. Since flux linkage ω f is constant for a PMSG, the electromagnetic torque is then proportional to the stator q-axis current I sq , which is determined by the closed-loop control. The rotor flux is produced only in the q-axis, whereas the current vector is generated in the axis in the FOC. In this case, the MTPA can be achieved since the generated generator torque is linearly proportional to the q-axis current. For this method, the minimum stator current amplitude will be used to obtain the maximum torque.
B. Matlab Simulation
The generator part of the system is implemented in Matlab Simulink and is shown in Fig. 11 . The controlled rectifier is represented by a three-phase controlled voltage source block, and this acts as a pulsewidth-modulation (PWM) inverter working in the regenerative mode. The sum of the three ac currents will give the dc link current, and the dc link voltage will be then the three-phase power supplied to the source divided by the dc link current. The Bristol Cylinder driving torque is computed based on the wave power equation and the relation between the torque, speed, and power. This is performed in the "Input Wave" and "Torque Conversion" blocks, as shown in Fig. 11 . The torque is supplied to the PMSG to rotate it. The input parameters for the PMSG include the stator phase resistance, stator phase inductance, flux linkage established by the permanent magnet, the inertia, the friction factor, and the number of pole pairs. The PMSG can generates outputs, which include the stator phase current, stator back EMF, rotor speed, rotor angle, and electromagnetic torque. The following equation of motion shows the relation between speed and other parameters:
where T r is the mechanical torque, T e is the electromagnetic torque, J is the inertia, and ω m is the rotor speed. From the given equation, the rotor speed can be controlled by varying the electromagnetic torque using the q-axis current component. Therefore, the speed can be controlled by varying the q-axis current. In the Speed Controller block, the measured rotor speed is converted to r/min from rad/s. This are then compared with the rotor reference speed obtained from the Input Wave block. The speed is fed into an internal PI control of the Speed Controller block to get the reference torque values. After that, the reference torque values will serve as reference to the q-axis current I * q . The simplified equation that relates the reference torque T * and I * q is the following:
The two "PI" blocks in Fig. 11 are used to control the q-axis and d-axis currents. The two current references I * q and I * d are very critical in controlling the PMSG to generate the maximum output power. For this control strategy to work, I * d must be set to 0. By doing this, the resistive losses are also minimized. The efficiency of the system must be maximum to obtain the maximum output power when the wave height, wave length, and depth of rotation axis is between the cut in value and the rated value. Therefore, the value of the armature rotational radius has to be also optimum for all values of the wave height, the wave length, and the depth of rotation axis within this working region. The actual three-phase stator currents are obtained from the PMSG. These are converted into its d-q components in the "abc to dq" blocks. The d-q currents are compared with the references to control the required d-q voltage vector components through the usage of the two PI current controllers. The direct modeling of the three-phase system by obtaining their circuit equations in a three-phase reference frame is not ideal because this will result in equations with time-varying parameters since the selfinductances and mutual inductances of the machine windings depend mainly on the rotor position. The relationship between a set of d-q variables and the corresponding set of threephase abc variables is provided by the direct-quadrature-zero (dq0) transformation. The dq0 transform is often referred as the Park's transformation, where the transformation matrix is represented by T as follows:
In the case where the three-phase systems are balanced, no 0-axis components are present, which allows a simplified version of d-q transformation, i.e., Fig. 12 . q-axis current loop.
The transformation from abc to d-q variables can be done using the equation shown in the following:
where X represents the variable of generator, normally the voltage or the current, and the suffixes a, b, and c are the phase a, phase b, and phase c, respectively. The q-axis current control loop is shown in Fig. 12 . All the delays were represented in the first-order transfer function. The delay introduced by the control algorithm has the time constant T x = 1/f x = 0.2 ms, where f x = 5 kHz is the sampling frequency. The delay by the PWM converter has the time constant 0.5T PWM = 1/f PWM , where the PWM switching frequency f PWM = 10 kHz, whereas the D/A conversion delay has the time constant of 0.5T s = 0.1 ms. The transfer function of the PI controller is
where k pi0 is the proportional gain and k ii0 is the integral gain of the q-axis current controllers G = k pi0 and G/τ = k ii0 , respectively, and τ is the integral time of the q-axis current controller. The transfer function of the plant can be obtained since it can be viewed as current passing through a single-phase circuit and is shown in Fig. 12 . The circuit is in series so that
which resulted in a first-order transfer function for the plant where
The open-loop transfer function shown in Fig. 12 is (22), shown at the bottom of the page.
The d-axis current controller is implemented in a similar way to the q-axis current controller. All the PI blocks implemented in the simulations are shown in Fig. 13 , where ω is the rotational speed in revolutions per minute, ω e is the rotational speed in radians per second, e s is the speed error, e q is the q-axis current error, e d is the d-axis current error, ω e ψ q and ω e ψ d are the decoupling factors (see Fig. 13 ), and U * sq and U * sd are the voltages for the d-axis and q-axis, respectively. The q-axis current loop is acting as an inner loop, whereas the speed loop is the outer loop. The speed error is the input for a PI speed controller. The output of the speed controller is the reference signal i * q . The q-d axis current errors are the input to the other two PI current controllers, and the controllers are used to generate the reference voltages in the d-q axes to be applied to the generator when it is required. From the stator reference voltage equations in the d-q axes, the decoupling factor can be obtained using the following:
The reference voltages in d-q axes, U * sq and U * sd are then converted back to three-phase voltages in the "dq to abc" block. The voltage applied to the PMSG stator is represented by a three-phase Controlled Voltage Sources block that is regulated by U * sq and U * sd . The voltages are then transmitted through the Breaker block to control the PMSG speed. A Voltage and Current Measurement block is inserted in between the Breaker block and the PMSG to measure the instantaneous voltage and current at the PMSG terminal.
C. Simulation Results
In this section, some brief simulations are put forward for the machines listed in Table III with further details in Table IV . Space constraints prevent extensive simulation results so these will be reported at a later date. Fig. 14 shows simulation results for the slotless PMSG. Starting the generator from standstill, it is found that the generator will take about 0.22 s to reach the stable speed of 6 r/min. I q is found to trace the reference value closely, whereas I d is maintained at 0 A all the time. The stator current is found to be 1152 and 328 A, and the back EMF is found to be 639 and 799 V for the first and second wave cycles, respectively. The output power, which is the instantaneous terminal power calculated using V a I a + V b I b + V c I c , is shown in Fig. 14 . The resultant power is 1.02 and 0.386 MW for the two wave cycles. The efficiency of the system can be calculated by dividing the instantaneous power by the input wave power (at 50% efficiency), which are 92.73% and 98% for the two wave cycles. With a phase resistance of 0.0489 Ω, the copper loss was found to be 0.06 MW for the first wave cycle, which is about 5.45% of the total wave input power. The copper loss for the second wave cycle is negligible.
In this simulation, we take an extreme case where the wave energy torque is a rectified sine wave. The pulsating nature of the power deliver is clearly shown in Fig. 15 . This can be a major issue for a large wave energy device where a large capacitor bank may be needed on the inverter dc link to smooth this pulsating power. The torque and q-axis current are tracked well with this system. The rotor angle is shown, and it does reach about 6.2 rad at 10 s, which is one full cycle rotation of 360
• . The speed of the generator is shown for completeness. 
VI. CONCLUSION
This paper has set out the load demands for a direct-drive Bristol Cylinder-type device and outlines some possible generator designs using both air-gap and slotted arrangements with surface magnets. The design methodology and calculations are reported. Machine control is then addressed in detail with Matlab simulations described. This paper has focused on the application because this is an unusual and demanding system; however, the design uses simple design-equation-based sizing equations, well-known design limitations (such the current density and possible fill factors), and common arrangements (such as the winding), to reach a first design for the slotless and slotted generators.
